Abstract Exposure to coal and coal ashes can cause harmful effects in in vitro and in vivo systems, mainly by the induction of oxidative damage. The aim of this work was to assess cytotoxic and genotoxic effects using the V79 cell line treated with coal and coal fly ash particles derived from a coal power plant located in Santa Catarina, Brazil. Two coal samples (COAL11 and COAL16) and two coal fly ash samples (CFA11 and CFA16) were included in this study. COAL16 was co-firing with a mixture of fuel oil and diesel oil. The comet assay data showed that exposure of V79 cells to coal and coal fly ash particles induced primary DNA lesions. Application of lesion-specific endonucleases (FPG and ENDO III) demonstrated increased DNA effects indicating the presence of high amounts of oxidative DNA lesions. The cytokinesis-block micronucleus cytome assay analysis showed that exposure of V79 cells to high concentrations of coal and coal fly ash particles induced cytotoxic effects (apoptosis and necrosis) and chromosomal instability (nucleoplasmic bridges, nuclear buds, and micronucleus (MN) formation). These results may be associated with compounds contained in the surface of the particles as hazardous elements, ultrafine/nanoparticles, and polycyclic aromatic hydrocarbons (PAHs) which were detected in the samples.
Introduction
Coal is a heterogeneous mixture containing large quantities of organic and inorganic matter. The organic components of coal consists of chemical compounds including carbon, hydrogen, oxygen, sulfur, nitrogen, and organometallic forms (Silva et al. 2009; Oliveira et al. 2011) , as well as inorganic elements, such as beryllium, cadmium, copper, nickel, cobalt, titanium, chromium, iron, boron, antimony, zinc, aluminum, magnesium, manganese, mercury, and lead (NRC 2006; IARC 2012) . The presence of mineral matter and organic and inorganic elements in coal may result in a number of environmental problems related to mining, as well as fly ashes from burning coal (Depoi et al. 2008; Ribeiro et al. 2011) .
In general, due to high concentrations of mineral matter such as sulfides, clays, and quartz, coal must be pulverized and beneficiated, specifically with flotation, before its combustion. Then, the coal is burned inside a boiler, producing a solid combustion by-product known as coal ashes (Quispe et al. 2012 ). When coal is being burnt, a significant amount of toxic substances are formed and released into the environment including amorphous inorganic components (asbestos, silica, selenium, cadmium, arsenic, chromium, copper, and mercury) (IARC 1997; NRC 2006; IARC 2012) , minerals (silicates, oxides, and hydroxides, mainly of iron, sulfates, carbonates, phosphates, and sulfides), and organic constituents (polycyclic aromatic hydrocarbons, PAHs) (Rohr et al. 2013) or unburnt coal (char) (Vassilev and Vassileva 1996a, b) . To make matters worse, some coal power plants use a mixture of fuel oil and diesel oil as part of the boiler start-up procedure.
The combustion temperature is an important factor that determines the physical properties of the particles. High temperature (>1400°C) is used in conventional combustion; the major aluminosilicate melts and condenses to form small and spherical particles (Borm 1997) . The particulate material that is generated during mining and coal combustion is characterized by size in coarse (PM 10), fine (PM 2.5), ultrafine (PM 0.1) (Donaldson and Stone 2003) . The smaller particles are more harmful with respect to health effects because of their very high alveolar deposition fraction, large surface area, chemical composition, and ability to induce lung inflammation (Oberdörster et al. 2004; Schins and Borm 1999) . Depending on the toxicity, the chemical properties, and concentration in air, the particles of coal and coal fly ashes can constitute a risk to exposed workers due to inhalation (Schins and Borm 1999; Donaldson et al. 2005) . The effects of chronic exposure to particles produced during coal mining activities have been studied around the world using different biomarkers, as chromosomal aberrations in peripheral lymphocytes (Santa Maria et al. 2007; Minina et al. 2015) , comet assay, and micronucleus test in lymphocytes and buccal cells (Rohr et al. 2013) , finding that exposure to complex mixtures of genotoxic agents from mining represents a genetic hazard in exposed populations.
The aim of this work was to assess the cytotoxic and genotoxic potential effects of the coal and coal fly ash (CFA) particles in vitro using the V79 (Chinese hamster lung fibroblasts) cell line. For an assessment of cytotoxicity, the clonogenic assay was used. The comet assay was applied using the standard protocol for the detection of primary DNA damage as well as a protocol using specific endonucleases for the detection of oxidative damage. The cytokinesisblock micronucleus cytome (CBMN-Cyt) assay was used as a measure of cytotoxic, cytostatic, and genotoxic effects.
Materials and methods

Reagents and chemicals
Dulbecco's Modified Eagle Medium (DMEM) and fetal bovine serum (FBS), trypsin-EDTA, L-glutamine, and antibiotics were purchased from Gibco BRL (Grand Island, NY, USA). Hydrogen peroxide (H 2 O 2 ), dimethyl sulfoxide (DMSO), cytochalasin B, and methyl methanesulfonate were purchased from Sigma (St. Louis, MO, USA). Low-melting point agarose and agarose were obtained from Invitrogen (Carlsbad, CA, USA). Formamidopyrimidine DNA glycosylase (FPG) and endonuclease III (EndoIII) were obtained from New England Biolabs (Beverly, MA, USA). Hydrochloric acid (HCl; 5 M), potassium chloride (KCl), methanol, ethanol, and acetic acid were obtained from Merck (Darmstadt, Germany). All reagents were of analytical grade.
Characteristics of coal and coal fly ash particles
Coal and CFA particles samples used in this work were previously characterized, and data are available in Silva et al. (2009 ), Quispe et al. (2012 Silva et al. (2010) , and Oliveira et al. (2012) .
Briefly, samples were collected in Santa Catarina State, Brazil, where the Jorge Lacerda-Tractebel Suez Thermoelectric Complex is located. The Jorge Lacerda power plant has seven different pulverizing fuel units. The feed coals and CFAs were collected simultaneously from each of these units over a 5-day period. The coal is, in general, high volatile C to high volatile A bituminous in rank, although individual units may be receiving different ratios of the blend components. Four samples, two coal (COAL11 and COAL16) and two coal fly ashes (CFA11 and CFA16), were included in this study. Particularly, the CFA16 sample was collected from unit 3 while co-firing with a mixture of fuel oil and diesel oil as part of the boiler start-up procedure. Representative samples of around 15-20 kg of CFAs and 2 kg of coal were collected from each unit. The CFA samples were collected from the respective electrostatic precipitators. The samples were dried in a furnace (40°C, 16 h), homogenized, and sieved through a 450-μm screen. Subsamples of this material were ground to pass through a 20-mesh sieve.
The coal samples were ashed at 815°C for chemical analysis of major elements. The resultant ashes, in addition to the powdered portions of each fly ash sample, were calcined at 1050°C and then fused into borosilicate disks following the methods described by Norrish and Hutton (1969) . The loss on ignition at 1050°C was also determined for each sample as part of the preparation process. The major element oxides in each ash sample were determined by X-ray fluorescence (XRF) spectrometry techniques using a Philips PW 2400 spectrometer system.
The coal and CFA samples were acid-digested following a two-step method devised to retain volatile elements (Querol et al. 1997) . The process involved a hot HNO 3 extraction, followed by HF-HNO 3 -HClO 4 digestion of the residue. The resulting solutions were analyzed by inductively coupled plasma atomic-emission spectrometry (ICP-AES) and inductively coupled plasma mass spectrometry (ICP-MS) for a range of major and trace elements. Particle diameters were analyzed by laser diffraction. Morphology and composition of particles and minerals were investigated using a field emission scanning electron microscope (FE-SEM; Zeiss Model ULTRA plus) equipped with an energy-dispersive X-ray spectrometer (EDS).
Quantification of polycyclic aromatic hydrocarbons
The PAHs present in the sample were quantified by using HPLC/UV/Vis. Extraction and clean-up are essential parts in the analysis of organic compounds originated from solid matrices. The technique has been adapted, followed by studies based on Cavalcante et al. (2008) and Sun et al. (1998) . Five grams of dry soil samples (30°C during 24 h) were used (in triplicate). The extraction by ultrasound technique was adapted and optimized using solvents with different polarities, hexane and acetone (1:1); the soil and the solvents were put into the ultrasound machine during 10 min, then they were centrifuged and the extract was removed. The extraction was repeated four times, and the extracting solution was then vacuum-filtered in order to eliminate nonsoluble materials and concentrated in a rotavapor. Adsorption chromatography with a glass column was used for the clean-up procedure. After adding the extract to the adsorption column, the compounds were eluted with different solvent systems, performed with some changes of Begas et al. (2013) . The elute volume was reduced to 1 mL, and finally, each extract was injected into a chromatographic system (HPLC-UV) in duplicate. The chromatographic conditions were as follows: 5-μm Kromasl reversed-phase column (250 × 4.6 mm); injection volume 20 μL; mobile phase acetonitrile (A)/water MilliQ (B) gradient method t (A/B) 0 (1:1), 10 min (7:3), 20 min (8:2), 25 min (8:2), 28 min (1:1), and 30 min (1:1) and λ = 254. Analytic curves were built by external standardization for quantification.
Cell culture and treatment
V79 is a Chinese hamster lung fibroblast cell line and was obtained from the Rio de Janeiro Cell Bank (Rio de Janeiro, Brazil). The choice of this cell line for this study was based on the fact that the V79 cells have stable karyotype and are a good experimental model system widely used in genotoxicity and cytotoxicity assays. Cells were grown as monolayers in continuous culture in cell culture flasks of 25 or 75 cm 2 under standard conditions in DMEM supplemented with 10 % heatinactivated FBS, 0.2 mg/mL L-glutamine, 100 IU/mL penicillin, and 100 μg/mL streptomycin. The cells were incubated at 37°C under a humidified 5 % CO 2 atmosphere. For establishing cultures or passage of V79 cells, 0.15 % trypsin-0.08 % EDTA and phosphate-buffered saline solution (PBS) were used.
To prepare the particle suspensions for in vitro experiments, coal and CFA particles were suspended in DMEM without FBS, and just before use, the samples were twice sonicated for 10 min to obtain a uniform dispersion and to prevent particle aggregation. Starting from the concentration of 1 mg/mL, serial dilutions were performed to prepare incubation culture medium DMEM with decreasing concentrations of samples. All experiments were independently repeated at least three times.
Cytotoxicity assay
The clonogenic assay allows cell viability assessment by colony formation. Two hundred cells were seeded in each well of six-well plates. After 24 h, cells were exposed to five different concentrations of coal and CFA and a negative control (FBS-free medium) during 24 h at 37°C. Then, the treatment-containing medium was removed and the cells were washed with PBS and reincubated in complete medium at 37°C in a humidified atmosphere containing 5 % CO 2 for 6 days. After this period, the colonies were fixed with methanol, stained with 1 % crystal violet, and counted. The survival was expressed as a percentage relative to the negative control. We determined the IC 50 values and selected five concentrations of each sample to be used in the next experiments.
Comet assay
Alkaline comet assay
The alkaline comet assay was performed as described by Singh et al. (1988) with minor modifications. Briefly 3 × 10 5 V79 cells were seeded in each well of 12-well plates. After 24 h, the cells were exposed to the coal and coal fly ashes and negative control FBS-free medium for 3 h and to positive control (150 μM H 2 O 2 ) for 2 h. After treatment, the cells were trypsinized and resuspended in complete medium. Twenty microliters of this cell suspension was mixed with 90 μL of 0.75 % low-melting-point agarose (LMP). This mixture was placed into a slide previously coated with 1.5 % of normal-melting-point agarose processed at 60°C. The agarose layers were covered with a cover slip, and after gel solidifying, the cover slips were removed. The slides were immersed overnight in lysis solution (2.5 M NaCl, 100 mM EDTA, and 10 mM Tris, pH 10.0-10.5, 1 % with freshly added 1 % Triton X-100 and 10 % DMSO) at 4°C in the dark. Afterwards, the slides were placed for 30 min in alkaline buffer at 4°C (300 mM NaOH and 1 mM EDTA, pH >13) to unwind the DNA. Alkaline electrophoresis was carried out for 30 min at 25 V and 300 mA. The gels were neutralized with 0.4 M Tris (pH 7.5) with three washes of 5 min each. The gels were dried at room temperature. Slides were then rinsed and stained with SYBR Gold fluorescent stain. Slide analyses were performed by means of an automated scoring PathFinder™ Screen Tox system (Imstar, France) (Sharma et al. 2012a (Sharma et al. , 2012b . Finally, for each sample, 400 cells (100 cells from each of two replicate slides per culture) were evaluated for genotoxicity by the analysis of the % tail DNA parameter (the proportion of DNA in the comet tail) (Duez et al. 2003) .
Modified comet assay
The modified alkaline comet assay enables identification of oxidative DNA damage through the use of specific enzymes that repair oxidative damage: (a) FPG recognizes the common oxidized purine 8-oxoguanine and ring-opened purines, or formamidopyrimidines (Fapy), and (b) EndoIII converts oxidized pyrimidines to strand breaks (Collins 2014; Azqueta et al. 2014) . The modified comet assay includes the same steps of the standard comet assay up to the step of cell lysis. After this step, the slides are removed from the lysis solution and washed three times with buffer enzymes (HEPES 40 mM, KCl 100 mM, EDTA 0.5 mM, bovine serum albumin 0.2 mg/mL, pH 8.0), drained, and incubated at 37°C in enzyme buffer supplemented with 60 μL of FPG (1 μg/mL solution) for 45 min and EndoIII (1 μg/mL solution) for 30 min; the following steps were carried out as mentioned above.
Cytokinesis-block micronucleus cytome assay
To verify the potential genotoxic effects of coal and coal fly ashes, 15 × 10 4 cells per well were seeded in 12-well plates. After 24 h, the cells were exposed to the particles (coal and coal fly ashes) for 24 h or 40 μM methyl methanesulfonate (MMS) for 2 h as a positive control. After treatment, the culture medium was discarded and replaced with fresh culture media. Cytochalasin B (4.5 μg/mL) was added, and the cells were incubated for another 48 h. The cells were then harvested and spread onto clean microscope slides. The slides were then fixed in an ethanol/glacial acetic acid (3:1) solution and stained with 10 % Giemsa for 10 min.
For the analysis, 1000 binucleated (BN) cells were scored under a light microscope (magnification ×1000). Five hundred cells per slide were scored and classified to determine the ratios of mononucleate, binucleate, and multinucleate cells in order to determine the nuclear division index (NDI). The NDI is a biomarker of cytostasis and provides a measure of the proliferative status of the viable cell fraction. It is calculated using the formula NDI = (M1 + 2 M2 + 3 M3 + 4 M4) / N, where M1-M4 represent the number of cells with one to four nuclei and N is the total number of viable cells scored (excluding necrotic and apoptotic cells). Cytotoxicity effects were assessed by the frequency of necrotic and apoptotic cells. When 500 cells were randomly scored, the number of apoptotic cells and necrotic cells was counted. Micronucleus frequency, nucleoplasmic bridges (NPBs), and nuclear buds (NBUDs) per 1000 BN cells per slide were used as indicators of DNA damage and chromosomal instability.
Statistical analysis
Each treatment group was compared with the control samples (untreated) using one-way ANOVA followed by Tukey's post hoc test. GraphPad Prism 5.0 software was used for the statistical analysis (GraphPad Inc., San Diego, CA). Differences were considered significant when the P value was less than 0.05.
Results
Characteristics of coal and CFA particles
Characteristics of the frequency distribution of particle diameters of coal and CFA particle samples are shown in Fig. 1 . COAL11 shows a mean diameter of 29.74 μm, and at least 40 % of the sample showed particles less than 10 μm. CFA11 had an average diameter of 65.52 μm, but approximately 25 % had particles smaller than 10 μm. COAL16 showed an average diameter of 37.34 μm, and more than 30 % had a size less than 10 μm. All CFA16 particles had a diameter less than 10 μm.
Chemistry compositions of coal and CFA samples (wt%) are presented in Table 1 . The composition of oxides was similar in all samples. In particular, higher concentrations were observed for SiO 2 followed by Al 2 O 3.
In Table 2 , trace element concentrations in coal and CFA samples (ppm) are shown. Concentrations of trace elements in coal samples were similar, but in general the CFAs, mainly CFA16, had higher concentrations of hazardous elements. Table 3 shows the results of quantification of PAHs. Compounds found in higher concentrations in all sample particles are anthracene, fluoranthene, and benzo(a)anthracene. In particular, the amounts of PAHs were higher in coal samples compared to CFA samples. Specifically, in COAL11 contents of naphthalene, phenanthrene and benzo(a)anthracene are significant, whereas in COAL16, contents of acenaphthene, anthracene, and fluoranthene were higher.
Quantification of polycyclic aromatic hydrocarbons
Cytotoxicity
The clonogenic assay was employed to determine the colonyforming ability in V79 cells exposed to different concentrations of mineral coal dust and CFAs. As demonstrated in Fig. 2, COAL11 and CFA11, COAL16, and CFA16 particle samples were able to decrease the cell viability in a dosedependent manner.
COAL11 showed a higher cytotoxic effect when compared to CFA11. In addition, by nonlinear regression application, IC 50 values of 0.4 and 0.83 mg/mL for COAL11 and CFA11, respectively, were determined. CFA16 was slightly more cytotoxic than COAL16, with IC 50 values of 0.59 mg/mL for COAL16 and 0.55 mg/ mL for CFA16 (Fig. 2) . Based on these results, concentration ranges that induced up to 50 % of decrease in the viability were chosen for genotoxicity analysis.
Genotoxicity and oxidative DNA damage in V79 cells
Alkaline comet assay
After verifying the cytotoxic profile, the DNA damage potential of the four samples was evaluated by the alkaline comet assay. For this purpose, cells were exposed to 0.025, 0.05, 0.1, 0.2, and 0.4 mg/mL COAL11; 0.05, 0.1, 0.2, 0.4, and 0.8 mg/ mL CFA11; and 0.0375, 0.075, 0.15, 0.3, and 0.6 mg/mL COAL16 or CFA16 for 3 h at 37°C and 5 % CO 2 .
In the results, for COAL11 and CFA11 samples, a dosedependent relationship was observed for the % tail DNA parameter. Furthermore, a significant increase in % tail DNA was detected in cells exposed to 0.2 and 0.4 mg/mL COAL11 and 0.1, 0.2, 0.4, and 0.8 mg/mL CFA11 when compared to the negative control (P < 0.05) (Fig. 3) . As demonstrated in Fig. 4 , COAL16 and CFA16 samples induced a significant increase in DNA damage when cells were exposed to 0.075-, 0.15-, 0.3-, and 0.6-mg/mL concentrations, compared to the negative control (P < 0.05).
Lesion-specific endonuclease-modified comet assay
The induction of oxidative damage was evaluated through the modified version of the comet assay where slides were treated with the FPG and EndoIII repair enzymes which introduce breaks at DNA sites with oxidative lesions. In COAL11 or CFA11 samples, no significant increase in the % tail DNA was observed when slides were incubated with EndoIII or FPG enzymes in comparison to the negative control (Fig. 3) .
As shown in Fig. 4 , for COAL16, no increase in induction of DNA breaks was observed after EndoIII incubation. However, using the FPG enzyme, a significant increase in oxidative damage was detected in cells exposed to 0.6 mg/ mL COAL16 when compared to the related negative control (Fig. 4a) . For the CFA16 sample, a significant increase in oxidative damage was found in comparison to the related negative control using 0.3 mg/mL EndoIII or 0.3 and 0.6 mg/mL FPG, respectively (Fig. 4b) . Taken together, it was observed that for all samples, the EndoIII enzyme was able to produce a slight increase in the % tail DNA parameter; however, in some of the samples evaluated, the increase was not statistically significant.
CBMN-Cyt assay in V79 cells
Cells were exposed to the same concentration ranges evaluated in the comet assay and analyzed by the CBMN-Cyt assay. Firstly, the NDI was determined to detect cytostatic effects. No differences were observed among the cultures exposed to the negative control and to coal and CFA particles (Table 4) . The results for COAL11 (Table 4) show that the number of apoptotic and necrotic cells increased in a dose-dependent manner with mineral coal concentration, but the finding was only statistically significant at concentrations of 0.2 and 0.4 mg/mL (P < 0.05). The chromosomal damage or instability status was determined by MN frequency, NPBs, and NBUDs in the BN cells. These biomarkers were significantly different in the highest concentrations when compared to the negative control group (P < 0.05).
For the CFA11 sample (Table 4) , the increase in the number of apoptotic cells was only significant for a concentration of 0.8 mg/mL compared to the negative control. A dosedependent trend was observed in MN frequency, NPBs, and NBUDs, but only the highest concentration (0.8 mg/mL) was significantly different compared to the negative control group (P < 0.05).
The results for the COAL16 sample are shown in Table 4 . The number of apoptotic and necrotic cells was statistically significantly increased at the highest concentrations (0.3 and 0.6 mg/mL). The biomarkers MN, NPBs, and NBUDs were statistically significantly increased at the highest concentration (0.6 mg/mL) compared to the negative control (P < 0.05). Table 4 also shows the results of the CFA16 sample. The number of apoptotic cells was only significantly increased in 0.6 mg/mL and the positive control (P < 0.05). The number of necrotic cells was significantly increased at concentrations of 0.3 and 0.6 mg/mL when compared to the negative control group (P < 0.05). The values of the biomarkers MN, NPBs, and NBUDs were significantly increased in the concentration of 0.6 mg/mL compared to the negative control (P < 0.05). The positive control, MMS, showed the expected effect demonstrating the sensitivity of the test system.
Discussion
It is known that extraction and burning of coal is an important pollution factor, which may represent a threat to human health and natural populations (León-Mejía et al. 2011; Rohr et al. 2013) . In Santa Catarina State (Brazil), where the largest of the thermal plants in Brazil is located, the coals used for power production tend to be high in ash and sulfur (Silva et al. 2009 ). In the present study, the potential cytotoxicity and genotoxic effects of the coal and CFA particles from Santa Catarina State were assessed in vitro using V79 (Chinese hamster lung fibroblasts) cells. Four samples were tested, two samples of coal Fig. 2 Cell viability of V79 exposed to COAL11, CFA11, COAL16, and CFA16 particle samples, evaluated using clonogenic assay after a 24-h exposure time for the V79 cell line. The concentration was considered cytotoxic when cell survival was 50 %. The results are shown as the mean of three independent experiments particles and two samples of CFA products of the coal burning process.
In our study, we applied the comet assay using the standard protocol and specific endonuclease-modified comet assay to determine DNA strand breaks and oxidative damage, respectively. Results in the alkaline comet assay showed that exposure of V79 cells to the coal and CFA particles induced significant primary lesions in the DNA. In this work, the enzymes EndoIII and FPG were used. The endonucleases are lesion-specific and convert DNA base lesions to breaks under the conditions of the alkaline comet assay (Collins 2014 ). FPG and EndoIII recognize different types of oxidative damage. While FPG is specific for oxidized purines and ring-opened purines, EndoIII recognizes oxidized pyrimidines, including thymine glycol and uracil glycol (Dizdaroglu 2005; Collins 2014 ). For sample COAL16, a statistically significant increase in levels of DNA damage was observed when using 0.6 mg/ mL FPG, while for sample CFA16, increased DNA damage was observed when using 0.3 mg/mL EndoIII and both concentrations of FPG. These results demonstrate that the components of coal and CFAs are capable of inducing oxidative DNA damage likely caused by the components of these particles. Importantly, it was observed that the combustion process alters the toxicity of the coal particles and that the use of additional fuels during the burning alters the characteristics of the particles produced in relation to size and chemical composition. CFA16 sample contains higher concentration of metals compared to other samples. It is known that one of the mechanisms of genotoxicity of metals is the ability to produce active radicals, consequently leading to oxidative damage (Knaapen et al. 2004; Borm et al. 2004; Lodovici et al. 2011) , as was observed in our results.
The effects induced by coal exposure have been described in different cells, such as murine alveolar type II epithelial cells (C10) (Albrecht et al. 2002) , and in 7TD1 cells (Gosset et al. 1991) . ROS generation and oxidative damage by coal fly ash particles have been described in different cell lines, in human peripheral blood mononuclear cells (Dwivedi et al. 2012) , in rat alveolar macrophages (NR8383) (Diabaté et al. 2002) , in BEAS-2B human lung epithelial cells (Diabaté et al. 2011) , and in rat lung epithelial (RLE) cells (van Maanen et al. 1999) . In this context, genotoxic effects of exposure to coal dust have been described in underground coal miners (Donbak et al. 2005 ) and in miners from open-cast mining (Rohr et al. 2013; León-Mejía et al. 2014 ). In addition, oxidative stress and inflammatory diseases have been associated with occupational exposure of coal miners (Rohr et al. 2013; Volobaev et al. 2015) . Our data showed that 50 % of the coal and CFA particles have diameter less than 30 μm; in particular, 10 % of sample COAL11 contains particles of 3.44 μm, CFA11 contains 5.91-μm particles, COAL16 contains particles of 3.69 μm, and CFA16 contains particles of 0.70 μm. Comparing the diameter of all samples, CFA16 contains smaller particles, a fact related to the use of a mixture of fuel oil and diesel oil in the combustion that led to an inefficient burning and the formation of smaller particles (e.g., fullerenes, carbon nanotubes, graphene, and several amorphous carbonaceous phases). In concordance, other studies about this thermoelectric and oil refineries demonstrate the presence of these organic nanoparticles (Silva et al. 2009; Silva et al. 2010; De Leão et al. 2013; Sanchís et al. 2013; Sanchís et al. 2015) .
Other components contained in coal particles were hazardous elements such as As, Co, Cr, Fe, Hg, Mn, Ni, Pb, V, and Zn. In inefficient particles, representative trace elements were As, Ba, Ce, Cr, Mn, Hg, Pb, Ni, Rb, Sr, V, Zn, and Zr, which were found with greater concentrations in the CFA16 sample. Curiously, highly volatile metals such as Hg and Pb were found with greater concentrations in CFA16 compared to other samples (fact associated with the inefficiency of coal combustion). High-temperature combustion, as used in coal combustion, can release metals such as Cd, Hg, Pb, and Zn, which become volatile in the cooling phase and are condensed on the surface of core aluminosilicate (Silva et al. 2010) . It is known that redox active metals like Fe, Cu, Cr, and Co and other metals undergo redox cycling reactions and possess the ability to produce reactive radicals such as superoxide anion radical and nitric oxide in biological systems (Jomova and Valko 2011) . Furthermore, Fenton oxidative reaction depends on catalysts of metal, mainly Fe but also Co, Cr, V, and Co. Via Fenton reaction, radicals that are highly reactive are produced such as the hydroxyl radical (OH·), which arises as a product of the reaction between superoxide and H 2 O 2 catalyzed mainly by Fe 2+ o Fe 3+ (Sharma et al. 2012a (Sharma et al. , 2012b . On the other to the negative control (NC) (P < 0.05). #Oxidative damage increases significant difference in relation to the negative control with EndoIII and FPG (P < 0.05). The results are shown as the mean ± standard error hand, the redox inactive metals, such as Cd, As, Hg, and Pb, show their toxic effects via bonding to sulfhydryl groups of proteins and depletion of glutathione (Jomova and Valko 2011) . DNA damage caused by ROS can be recognized by DNA glycosylases, by apurinic/apyrimidinic endonucleases of the base excision repair mechanism, and in some cases by the nucleotide excision repair machinery, leading to an increase in DNA strand breaks (Sander and Wilson 2005) as was observed in this study.
The samples analyzed in this study contained oxides such as TiO 2 , Al 2 O 3 , Fe 2 O 3 , CaO, MgO, MnO, Na 2 O, K 2 O, P 2 O 5 , SO 3 , and SiO 2. These elements are most commonly found in coal and coal mining residues. Importantly, in all of the particle samples, a high concentration of Si (with quartz, kaolinite, amorphous phases, and organometallic forms) was found (Martinello et al. 2014; Silva et al. 2009; Silva et al. 2010) , followed by Al (e.g., clays and amorphous phases) (Silva et al. 2010) . Studies that have evaluated the genotoxicity of SiO 2 and Al 2 O 3 in vitro describe that these oxides promote the formation of radicals such as hydroxyl radical and consequently the induction of oxidative stress (Guidi et al. 2015; Achary et al. 2012; Rajiv et al. 2016) . Some effects may be associated with early events in carcinogenesis, e.g., micronucleus formation, which has been suggested as a predictive cancer risk biomarker (Bonassi et al. 2011) . Accordingly, our results in the CBMN-Cyt demonstrate increased chromosomal instability associated with exposure to coal and CFAs. There is a growing concern whether the human populations remain at risk of exposure to carcinogenic coal products and organic compounds (Jenkins et al. 2013 ).
In the CBMN-Cyt assay analysis, DNA damage events are scored specifically in once-divided BN cells and include (a) micronuclei (MNs), a biomarker of chromosome breakage and/or whole chromosome loss; (b) NPBs, a biomarker of DNA misrepair and/or telomere end-fusions; and (c) NBUDs, a biomarker of elimination of amplified DNA and/ or DNA repair complexes (Fenech 2007) . Accordingly, when we compared the CBMN-Cyt biomarkers to measure the chromosomal instability assessed by biomarkers MN, NPBs, and NBUDs, we found a statistically significant increase in the biomarkers at the highest concentrations of the coal and CFA samples. Despite the genotoxic effects caused by exposure to the highest concentrations of these particles, none of these particle samples caused cytostatic effects evaluated using the NDI, which provides a measure of the proliferative status of the viable cell fraction (Fenech 2007) .
In our results, cells that were exposed to COAL11 and COAL16 particles showed comparable genotoxic effects. Particularly, the CFA16 sample showed stronger genotoxic effects in exposed cells than the sample CFA11. There are differences between these two types of CFAs: CFA16 is an acid fly ash while CFA11 is a fly ash with alkaline pH, which probably also contributed to its toxicity. Besides, CFA16 contains higher concentrations of anthracene, fluoranthene, and benzo(a)anthracene. Naphthalene excels in CFA11. Furthermore, a higher concentration of PAHs in the coal compared with that of CFA samples was observed, since in the combustion process PAHs degrade due to high temperature and oxidizing environment. Despite the structural similarities, PAHs can vary greatly in their carcinogenic potential (Liu et al. 2008 ). The exposure to particle-bound PAHs can lead to DNA adduct formation and ROS generation (Singh et al. 2007) . The response to this damage stimulates different signaling pathways. Tolerable DNA damage can lead to responses such as cell cycle arrest and DNA repair, while excessive/irreparable DNA damage can lead to the activation of the apoptosis program against damage caused by carcinogens (Castorena-Torres et al. 2008; Jarvis et al. 2014 ). This coincides with the results of CBMN-Cyt that at highest concentrations, cell death results, as it was shown in apoptosis and necrosis biomarkers.
Conclusions
In summary, our data show that the components contained in the particles such as hazardous elements, ultrafine/ nanoparticles, and PAHs may be related to ROS generation, DNA damage, and formation of pro-mutagenic adducts, as evidenced by the biomarkers used in this study. The comet assay results showed that exposure of V79 cells to coal and CFA particles induced primary DNA lesions. Besides, in the CBMN-Cyt analysis, V79 cells exposed to high concentrations of coal and CFA particles were also able to induce cytotoxic effects (apoptosis and necrosis) and chromosomal instability (nucleoplasmic bridges, nuclear buds, and MN formation).
